Summary. Spermatozoa from 10 fertile donors and from 10 patients with infertile marriages were washed and centrifuged ( 
Introduction
In many mammals there are characteristic motility changes associated with sperm capacitation in vitro and in vivo. These changes are collectively termed hyperactivation (Yanagimachi, 1970; Fraser, 1977; Cooper et al, 1979; Cummins, 1982; Suarez et al, 1983; Katz et al, 1986; Behboodieí al, 1987 ; also see Yanagimachi, 1981) . The most obvious expression of hyperactivation is a change in the pattern of sperm movement due to the increased bending of the proximal flagellum. The resulting trajectory is greatly curved and tortuous (Suarez et al, 1983; Katz et al, 1986) . The functional significance of hyperactivation may involve the regulation of oviducal sperm transport and the generation of the forces required for sperm penetration of the granulosa cell vestments and the zona pellucida of the oocyte (Katz & Yanagimachi, 1981; Yanagimachi, 1981; Katz et al, 1987) . When hyperactivation of mammalian spermatozoa has been studied after capacitation in vivo and in vitro, the sperm movement characteristics in the two environments have been similar ; , 1981 Cummins, 1982) .
Although hyperactivated motility is thought to be associated with human sperm capacitation, no detailed studies have been reported so far of the sperm flagellar movements under such conditions. Several investigators have made observations of alterations in human sperm swimming trajectories during in-vitro capacitation (Aitken et al, 1982 (Aitken et al, , 1984 (Aitken et al, , 1985 Burkman, 1984; Mortimer et al, 1984; Okada et al, 1985 Okada et al, , 1986 . These observations generally indicate a tendency for increas¬ ing curvature in the swimming trajectories (Burkman, 1984) and/or increased lateral motion of the sperm head along its path (Aitken et al, 1982; Mortimer et al, 1984) . Attempts have been made to quantify these changes in the sperm trajectory in terms of an indicator called "amplitude of lateral head displacement" (David et al, 1981; Mortimer et al, 1984) . Such descriptions are consistent with the patterns of hyperactivated motility observed in other mammals.
Hyperactivation has been described not only in terms of sperm swimming trajectories but also at the more fundamental level of flagellar movement characteristics (Katz et al, 1978 (Katz et al, , 1986 Suarez et al, 1983 Suarez et al, , 1984 . No detailed observations have yet been published on the flagellar movements of hyperactivated human spermatozoa. In addition to its biological value, knowledge of these movements might be useful in the clinical assessment of human sperm function and male fertility.
In this study we have analysed the flagellar beat characteristics and the swimming trajectories of human spermatozoa under capacitating conditions. We have evaluated spermatozoa from fertile men and from patients being evaluated because of an infertile marriage. In an effort to associate abnormalities of sperm motion with abnormalities of capacitation, we also studied the interaction of these spermatozoa with zona-free hamster oocytes. Our previous results had indicated that morphologically abnormal spermatozoa may be dyskinetic, regardless of the fertility status of the donor Katz et al, 1982; Morales et al, 1988) . Therefore, we analysed separately, and then compared, the morphologically normal and abnormal cells for changes in flagellar movements and swimming trajectories that may be associated with capacitation.
Materials and Methods
Preparation of the spermatozoa. Single specimens from 10 fertile donors and from 10 patients undergoing fertility evaluation were collected by masturbation into sterile plastic containers and analysed within 1 h of ejaculation. The semen samples studied in these experiments were the same specimens described previously and the characteristics of these men and their ejaculates have been reported in detail (Morales et al, 1988) . Semen was diluted with the culture medium of Biggers et al (1971) , as modified by Yanagimachi et al (1979) and supplemented with 0-3% bovine serum albumin (BSA, Sigma Chemical Co., Fraction V); this medium is referred to hereafter as BWW. The diluted semen was centrifuged at 500 g for 6 min in a 15 ml polystyrene centrifuge tube (Corning Glass Works, Corning, NY); the sperm pellet was washed twice with Medium BWW, and the washed cells were then resuspended in 1 ml Medium BWW for incubation in the tube at 37°C under 5% C02 in air.
High (Katz et al, 1986; Morales et al, 1988) .
Videotape analysis. The videotapes were analysed manually frame by frame. Details of the analysis procedure have been given elsewhere (Katz et al, 1982; Morales et al, 1988) . Using a transparent overlay imprinted with two rectangles corresponding to a length of 3-5 µ and a width of 2-3 µ respectively, 25 normal and 25 abnormal spermatozoa were identified in each ejaculate (Katz et al, 1982) . Although spermatozoa were classified as normal or abnormal on the basis of their head morphology, 3% of the abnormal spermatozoa also had abnormal flagella. Each spermatozoon was analysed for straight-line velocity (VSL), which was measured as the straight-line distance traversed by the head-midpiece junction over 1 sec. The linearity (LIN) was the ratio of the straight line distance to the total curvilinear distance traversed by the head-midpiece junction over 1 sec. Higher values of LIN denote a straighter swimming trajectory. Rolling frequency (RF) of the sperm head was measured in rolls/sec. Amplitude of lateral head displacement (AH) was determined by measuring the average deviations of the sperm head from the line of progression (David et al, 1981; Mortimer et al, 1984) . Larger AH values indicate greater yawing by the sperm head. Flagellar beat frequency (BF) was counted during the interval required for 10 beats. Curvature ratio (CR) was calculated for the flagellar contraction exhibiting maximum midpiece curvature. CR was defined as the straight-line distance from the head-midpiece junction to the first geometric inflection point of the tail, divided by the curvilinear distance between these two points as measured along the tail (Suarez et al, 1983) . The lower the value of CR, the greater is the bending in the proximal flagellum. The flagellar shape was traced at the point in a beat cycle where the distal flagellum exhibited maximal bending, and the flagellar amplitude (AMP) was determined (Katz et al, 1982) .
Sperm penetration assay. Oocytes were recovered from superovulated female golden hamsters (Yanagimachi et al, 1976) . Cumuli and zonae were removed with 0-1% hyaluronidase (Sigma Chemical Co.) and 01% trypsin (Sigma) respectively, in Medium BWW, followed by rinsing in Medium BWW. A 015 ml sample of the T24 sperm suspension was placed under mineral oil in a plastic Petri dish and 30 or more zona-free oocytes were introduced into the sperm suspension. The concentration of the sperm suspension had been adjusted to 10 106 motile spermatozoa/ml. The preparations were incubated at 37°C with 5% C02. After 3 h the oocytes were removed and rinsed in Medium BWW and then evaluated for the presence of swollen sperm heads using phase-contrast microscopy.
Statistics Rolling frequency (rolls/sec) 7-7 ± 5-7 ± 7-9 ± 6-7 ± 6-9 ± 5-8 + 11 10* 0-6 0-8*t and T24. Correlation coefficients of BF at TO and of BF and RF at T6 were 0-73, 0-62, and 0-65, respectively (P < 005). At T24, the correlation coefficients for VSL, RF and flagellar BF were 0-77, 0-76, and 0-71, respectively (P < 005). Analysis of the regression lines showed that all the slopes were different from zero (P < 001). Among the patients there was a clear distinction between the vigour of sperm suspensions that penetrated zona-free hamster oocytes and those that failed to penetrate (Fig. 2) . However, some of the sperm suspensions that failed to penetrate the zonafree hamster oocytes had movement characteristics that were similar to those of donor sperm suspensions (Fig. 2) .
Discussion
Previous studies from our laboratory have shown that there is a close relationship between sperm head morphology and motility in semen Katz et al, 1982; Morales et al, 1988) . We have reported that a greater percentage of morphologically normal spermatozoa (whether they are present in the semen of fertile donors or patients) are motile, and that they are more vigorous than abnormally shaped cells (Morales et al, 1988) . In the present study the move¬ ment characteristics of morphologically normal and abnormal spermatozoa were evaluated during in-vitro capacitation. The conditions used in our incubation protocol were such that it is likely that some of the spermatozoa in the suspensions became capacitated after 6 h (Perreault & Rogers, 1982; Gould et al, 1983) . When the movement characteristics of morphologically normal and abnormal spermatozoa were compared after removal of the seminal plasma, normal spermatozoa swam faster and exhibited higher values of RF, BF and AMP than did the abnormal spermatozoa throughout the entire incubation period. This difference between morphological types was true for donors and patients. We have suggested previously that spermatozoa from donors and patients may not be equivalent in their physiology, even if they both fit our definition of normal head morphology Morales et al, 1988 ). The present findings support this hypothesis.
In the current study, a set of changes in the characteristics of sperm movement, analogous to the hyperactivated motility reported for other species, became apparent after incubation for 6 h. These changes were only significant in the population of normal spermatozoa from donors, and could be appreciated subjectively as a difference in the pattern of sperm motion. Sperm swimming trajector¬ ies were less straight, and there was a greater degree of lateral head displacement about the average path. Changes in the flagellar beat included a higher degree of bending in the proximal flagellum and an increase in beat amplitude. During the same incubation interval, the flagellar BF decreased. This decrease in BF, accompanying the increase in flagellar bending, is analogous to flagellar changes recorded for other mammalian spermatozoa during hyperactivation. The reduction of BF does not imply that the spermatozoa were any less vigorous (Katz et al, 1978) . In fact, their curvilinear velocity increased. The increased sperm vigour must therefore be attributed to the increased flagellar bending, a hallmark of hyperactivation. These changes were not seen in all the spermatozoa within an ejaculate but in a subset, as evidenced by the frequency distributions. In Fig. 3 , the sequential positions of the sperm head and flagellum, with the respective movement indicators, are given for a morphologically normal spermatozoon from a fertile donor at TO and T6. These patterns illustrate the motion that, under our incubation conditions, may typify human sperm hyperactivation in vitro.
Other investigators have described hyperactivated motility in human sperm suspensions. Burkman (1984) observed a higher incidence of spermatozoa with wide-amplitude, low-frequency flagellar beating following in-vitro incubation in comparison with semen. Mortimer et al (1984) reported an increase in the percentage of spermatozoa exhibiting high values of AH and nonprogressive motility after 5 h of incubation. Although both studies presented data on sperm swimming trajectories, the flagellar beat characteristics responsible for those trajectories were not measured. The use of a high-speed video camera in the present study enabled us to make direct and accurate measurements of the flagellar beat shape. One of these indicators, the flagellar CR, revealed that capacitated human spermatozoa exhibit a high degree of curvature in the proximal flagellum. Other studies have revealed similar changes during hyperactivation of spermatozoa from guinea-pigs (Katz et al, 1978; Katz & Yanagimachi, 1981) , hamsters (Katz et al, 1978 (Katz et al, , 1986 Suarez et al, 1984) , mice (Fraser, 1977) , monkeys (Behboodi et al, 1987) , rabbits (Johnson et al, 1981; Suarez et al, 1983) and rams (Cummins, 1982) .
The fact that we were unable to demonstrate a systematic shift to hyperactivated movement in sperm suspensions from patients may indicate failure or inefficiency of capacitation, and therefore could be relevant to the cause of their infertile marriage. Hyperactivated motility may be involved in the final ascent of spermatozoa to the site of fertilization in the tubai ampulla, and/or in the generation of flagellar thrust required for cumulus and zona pellucida penetration (Yanagimachi, 1981; Katz et al, 1987) . If hyperactivation is a marker for sperm capacitation, then capacitation was relatively less efficient for the spermatozoa of the patients under the conditions of these experiments. When zona-free hamster oocytes were added to these sperm suspensions at T24, fusion with the oocytes was observed in only 5 of the 10 cases. Although we do not know the reasons for the failures of sperm penetration in these experiments, the apparent differences in move¬ ment characteristics between the successful and unsuccessful sperm suspensions may reflect the general health of the spermatozoa rather than a specific alteration in function related to gamete interaction. Thus, the indicators of sperm movement that reflect the vigour of flagellar activity, rather than the pattern changes of hyperactivation, were those that correlated best with hamster oocyte penetration. Our inability to correlate directly the movement typifying hyperactivation with the success of oocyte penetration may be related, in part, to the excessive sperm numbers in suspen¬ sion relative to the small number of spermatozoa that interact with oocytes. Moreover, hyper¬ activated movement was detected at T6, but not at T24 when the sperm penetration assay was performed. A clearer relationship between gamete fusion events and sperm movement might have been revealed if the oocytes had been added to the sperm suspensions at the earlier time point.
We do not fully understand the kinetics of human sperm capacitation. Perreault & Rogers (1982) reported that the kinetics of capacitation may differ among individuals, but that the mini¬ mum capacitation time seems to be very short. Under appropriate conditions, <2h may be sufficient for human sperm capacitation, the acrosome reaction, and subsequent zona pellucida penetration (McMaster et al, 1978; Overstreet et al, 1980) . In the present study we observed that, after 3 cycles of washing and centrifugation, some morphologically normal spermatozoa from donors exhibited values of AH, CR and LIN that were similar to those observed in the larger sperm population after incubation for 6h. This may be an indication that some spermatozoa became capacitated during this short interval. Even at longer intervals it is not possible to determine specifi¬ cally what fraction of spermatozoa became capacitated. The overall proportion may be small. The occurrence of the acrosome reaction, another hallmark of capacitation, appears to take place in a relatively small fraction of human spermatozoa exposed to capacitation conditions in vitro (Plachot et al, 1984; Mallet et al, 1985; Nagae et al, 1986) .
The morphologically normal spermatozoa from patients did not show the same type of changes during incubation as did the normal spermatozoa from donors. This distinction suggests that these populations either lack the ability to exhibit hyperactivation under conditions that promote this change in functional spermatozoa, or that hyperactivation is undergone by a much smaller segment of the sperm populations. Burkman (1984) reported that the incidence of hyperactivated motility in her patient population was less than half the rate for the fertile donors. In our study there were some normal spermatozoa from the patients that exhibited values of AH, CR, LIN and AMP at T6
